Differential gene expression analysis in the rat whole embryo culture (WEC) assay provides mechanistic insight into the embryotoxicity of test compounds. In our study, we hypothesized that comparative analysis of the transcriptomes of rat embryos exposed to six azoles (flusilazole, triadimefon, ketoconazole, miconazole, difenoconazole and prothioconazole) could lead to a better mechanism-based understanding of their embryotoxicity and pharmacological action. For evaluating embryotoxicity, we applied the total morphological scoring system (TMS) in embryos exposed for 48 h. The compounds tested showed embryotoxicity in a doseresponse fashion. Functional analysis of differential gene expression after 4 h exposure at the ID 10 (effective dose for 10% decreased TMS), revealed the sterol biosynthesis pathway and embryonic development genes, dominated by genes in the retinoic acid (RA) pathway, albeit in a differential way. Flusilazole, ketoconazole and triadimefon were the most potent compounds affecting the RA pathway, while in terms of regulation of sterol function, difenoconazole and ketoconazole showed the most pronounced effects. Dose-dependent analysis of the effects of flusilazole revealed that the RA pathway related genes were already differentially expressed at low dose levels while the sterol pathway showed strong regulation at higher embryotoxic doses, suggesting that this pathway is less predictive for the observed embryotoxicity. A similar analysis at the 24-hour time point indicated an additional time-dependent difference in the aforementioned pathways regulated by flusilazole. In summary, the rat WEC assay in combination with transcriptomics could add a mechanistic insight into the embryotoxic potency ranking and pharmacological mode of action of the tested compounds.
Introduction
Supranational regulatory guidelines, such as the European legislation of Registration, Evaluation, Authorization and Restriction of Chemicals (REACH), demand the use of large numbers of experimental animals for the risk assessment of chemicals (Scialli and Guikema, 2012) . Reproductive and developmental toxicity studies require almost 65% of experimental animals needed overall (Scialli and Guikema, 2012; van der Jagt et al., 2004) . The necessity of reduction, refinement and replacement of animal testing has stimulated the design and application of alternative assays for the hazard identification of developmental toxicants (Augustine-Rauch et al., 2010; Piersma, 2006; Scialli, 2008) . Alternative techniques vary from cell-based methods to organ culture, organ-on-a-chip, whole embryo cultures to in silico simulation models (Piersma, 2006; Lee et al., 2012; Spielmann, 2009) .
The rat whole embryo culture (WEC) technique is an alternative method for assessing possible developmental toxicants, and it is used for screening studies due to its numerous benefits (Genschow et al., 2002; Piersma, 2004) . This technique allows the continuous monitoring of embryonic development during gestational days (GD) 10 to 12, when a major part of organogenesis occurs (New et al., 1976) . Additionally, the complexity of the entire embryo is included, and development mimics the in vivo situation in terms of both morphology and gene expression signatures (Robinson et al., 2012a) . The limitations of this method include the restricted experimental duration and the absence of metabolic activity, as well as the lack of maternal interaction. Various metabolic systems added to WEC have shown activity (Piersma, 1993; Webster et al., 1997) . However, even with the addition of metabolic activity, some classes of proembryotoxicants would not be classified properly in in vitro testing systems, such as the WEC (Luijten et al., 2008) . Furthermore, it has been suggested that direct testing of the parent Toxicology and Applied Pharmacology 322 (2017) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] compounds and metabolites individually might provide a solution if metabolic pathways are known (Webster et al., 1997; Luijten et al., 2008; Flick et al., 2009) . Overall, the rat WEC is considered a valuable tool for screening xenobiotics and prioritizing further steps in risk assessment of possible embryotoxicants (Ellis-Hutchings and Carney, 2010; Piersma et al., 1995; Sogorb et al., 2014) . Previous studies have shown that apart from screening morphological endpoints for evaluating possible developmental toxicants in the WEC model, the implementation of technologically advanced molecular-based assays could improve its value as a predictive assay (Piersma, 2006; Robinson et al., 2012b; Robinson et al., 2016) . Previous studies have shown that gene expression changes, related to toxic responses of biological systems, are not only associated with morphological outcomes, but also precede them (Balmer et al., 2014) . Additionally, literature data indicate that different compounds might cause a similar adverse outcome, while the underlying mechanisms of toxicity might be different. Transcriptomics approaches could enhance mechanistic knowledge of embryotoxicants (Robinson et al., 2016; Daston and Naciff, 2010 ). An additional advantage of transcriptomics is that the evaluation of molecular signatures could contribute to the identification of biomarkers for detecting embryotoxicity among different classes of compounds (Robinson et al., 2016; Hermsen et al., 2011) . Furthermore, due to the high conservation of many molecular pathways, these biomarkers could improve the extrapolation of results obtained from in vitro studies to the in vivo situation and contribute to understanding interspecies differences (Daston and Naciff, 2010; Robinson et al., 2012c) .
Azoles form a class of compounds, known for their potential to induce teratogenic effects in mammals in a dose dependent manner (de Jong et al., 2011; Menegola et al., 2006a) . They are fungicides with either agricultural or clinical use. Their mode of pharmacological action in the fungal cell is based on the inhibition of the conversion of lanosterol to ergosterol via disturbing the enzyme involved being Cyp51, which is the mediator for securing the robustness of fungal membranes (Marotta and Tiboni, 2010; Zarn et al., 2003) . The toxicological mechanism of azoles is partly unknown. However, when in vivo and in vitro mammalian systems are exposed to either azoles or retinoic acid (RA), a variety of similar teratogenic responses have been observed, including abnormalities in craniofacial development, brain segmentation and branchial arches formation (Cunningham and Duester, 2015; McCaffery et al., 2003; Li et al., 2012; Luijten et al., 2010) . Therefore, azoles might have a shared mechanism of toxicological action with RA-induced embryotoxicity, which is supported by gene expression studies showing that the enzyme Cyp26a1, a key regulator of embryonic RA concentration, was upregulated in a common manner (Luijten et al., 2010; Dimopoulou et al., 2016; Menegola et al., 2006b ). Thus, Cyp26a1 and Cyp51 appear as candidate biomarkers for embryotoxicity and pharmacologic activity of azoles, respectively. However, this does not exclude that other mechanisms may be involved as well.
In order to assess the usefulness of transcriptomics readouts in assessing relative embryotoxic potencies and the underlying modes of action, we have studied the morphologic and transcriptomic responses of six azoles in WEC and compared their potencies with existing in vivo data. We included flusilazole (FLU) (Farag and Ibrahim, 2007; Lamontia et al., 1984) , triadimefon (TDF) (Machemer, 1976; Unger et al., 1982) and ketoconazole (KTZ) (Nishikawa et al., 1984; Tachibana et al., 1987) as relatively strong embryotoxicants in vivo; miconazole (MCZ) (Ito et al., 1976) as weak embryotoxicant; difenoconazole (DFZ) (Lochry, 1987) and prothioconazole (PTZ) (Stahl, 1997) as nonembryotoxicants.
Materials and methods

Animal care
Animal studies were approved and performed in concordance with institutional and federal regulations at the National Institute of Public Health and the Environment (RIVM). Wistar rats (HsdCpd:WU) (Harlan, The Netherlands) were housed at the RIVM Animal Care facility in a climate-controlled room with a 12 h light cycle (04:00-16:00 dark). Water and food were provided ad libitum. After acclimating for 2 weeks, virgin female rats were housed with male rats for a 3-hour mating period (9:00-12:00) (GD 0). Mated dams were individually housed. The clinical condition of all the animals was monitored daily.
Rat whole embryo culture
The WEC technique was performed in accordance with the validated method of Piersma (2004) . On GD 10, between 9:00 and 12:00 a.m., dams were euthanized by intracardiac injection of T61 R (Intervet, The Netherlands). Rat embryos were immediately separated from the uterus. The peripheral trophoblastic cell zone and parietal yolk sac membrane were removed under the microscope leaving both the visceral yolk sac and ectoplacental cone intact. Embryos with 1-5 somites were cultured for morphological assessment while embryos with 2-4 somites were cultured for gene expression studies, which increases precision of the embryonic stage sufficient for gene expression analysis (Luijten et al., 2010) . Embryos were separately cultured in flasks with 2 mL culture medium, which was a mixture of 90% pregnant bovine serum and 10% rat serum (Biochrom, Berlin, Germany), diluted with 14% Hank's solution (Gibco) and supplemented with 1.6 mg/mL D-glucose and 75 μg/mL L-methionine (Sigma-Aldrich, Zwijndrecht, The Netherlands). Afterwards, the culture flasks were placed in rotating incubators, which were completely protected from light and their internal temperature was permanently at 37.7°C. The cultured flasks were oxygenated twice daily for 30 s per time, with increasing concentration of oxygen: on the first day (GD10) at 9:00 and 16:00 (5% O 2 , 5% CO 2 , 90% N 2 ), on the second day (GD11) at 9:00 and 16:00 (20% O 2 , 5% CO 2 , 75% N 2 ) and on the third day (GD12) at 9:00 (40% O 2 , 5% CO 2 , 55% N 2 ).
Morphological assessment and statistical analysis of individual endpoints
Embryos (exposed to test compounds and controls) were cultured for 48 h (whole culture period; 0-48 h) and were scored according to the TMS system taking into account 20 morphological endpoints (Brown and Fabro, 1981) . These morphological endpoints were subdivided into groups, which included growth parameters (yolk sac diameter, crown-rump length, head diameter and number of somites) and developmental/functional parameters, such as yolk sac and allantoic blood circulation, heart formation and heart beating, embryo-turning, caudal neural tube, optic and otic system, fore-and hind-limb, branchial arches, mandibular and maxillary process and the shape and size of somites. Average scores of each of the morphological endpoints were calculated for identifying any possible specific and selective embryotoxic effects of the tested compounds in rat embryos.
Within each exposure group, including also the vehicle control (DMSO), 8 rat embryos were evaluated. For normalizing the obtained data and eliminating daily variation, the embryos within the same exposure group were derived from different dams and they were cultured over different culture days. Statistical analysis was performed using the parametric Student's t-test (unpaired), two-sided, and with 95% confidence intervals. Images of the examined embryos (exposed for 48 h to either DMSO or tested compounds) were obtained using an Olympus SZX9 camera and Olympus DP software. The pictures were taken at ×20 magnification. For specific observations, × 32 magnification was used.
Test compounds and exposure concentrations
The following six azoles were tested in rat WEC for 48 h (0-48 h) in a range of concentrations with the lowest concentration inducing no morphological effect to the highest being the maximal achievable concentration in culture:
Difenoconazole (DFZ; CAS# 119446-68-3, Sigma-Aldrich, Zwijndrecht, The Netherlands) at 20, 60, 200 and 600 μM; flusilazole (FLU; CAS# 85509-19-9, Sigma-Aldrich, Zwijndrecht, The Netherlands) at 2, 6, 20, 60, 200 and 600 μM; ketoconazole (KTZ; CAS# 65277-42-1, Sigma-Aldrich, Zwijndrecht) at 2, 6, 20, 60 and 200 μM; miconazole (MCZ; CAS# 22916-47-8, Sigma-Aldrich, Zwijndrecht, The Netherlands) at 2, 6, 20, 60, 200 and 600 μM; prothioconazole (PTZ; CAS# 178928-70-6, Sigma-Aldrich, Zwijndrecht, The Netherlands) at 60, 200 and 600 μM and triadimefon (TDF; CAS# 43121-43-3, Sigma-Aldrich, Zwijndrecht, The Netherlands) at 20, 60, 200 and 600 μM. All the compounds were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, Zwijndrecht, The Netherlands), and all embryos were exposed to a final DMSO concentration of 0.1%. As it has been previously described, this concentration of DMSO did not significantly alter the morphology (4, 24 and 48 h) and has limited effects on gene expression after either 4 h or 24 h of exposure at the same concentration (0.1%) (Robinson et al., 2012a; Robinson et al., 2012c; Robinson et al., 2010) . For finding the appropriate concentration at which the microarrays were conducted, we calculated the concentration which results to 10% reduction of the control TMS (ID 10 ) with both PROAST (Slob, 2002) and Graphpad software (www.graphpad. com). Therefore, for microarray analysis, rat WEC were exposed for 4 h (0-4 h) to FLU at testing concentrations of 0.002, 0.02, 0.2, 2, 25, 200 μM (tenfold concentration intervals) for 4 h (0-4 h), while they were also exposed to the established ID 10 of 25 μM for 24 h (0-24 h).
The remaining compounds were tested in the rat WEC for 4 h (0-4 h) at their ID 10 values: DFZ at 110 μM, KTZ at 40 μM, MCZ at 25 μM and TDF at 150 μM, as derived from the concentration response curves on TMS. Rat embryos which were treated with PTZ were exposed to the calculated ID 10 (250 μM) and at 60 μM. All the treated embryos were immediately collected after the end of their exposure and stored for performing the microarray analysis.
Whole embryo RNA isolation
For transcriptomics, cultured embryos were quickly scored on the basis of their somite number, their position in the yolk sac, neural tube developmental stage, crown-rump length and head diameter. They were then isolated from the yolk sac and ectoplacental cone, placed in 200 μM RNAlater (Ambion, Austin, Texas), stored for one week at 4°C, and then stored for further processing at − 80°C with the lowest possible amount of RNAlater. After the embryos were thawed on ice, they were separately homogenized by passing them 10 times though a 1 mL syringe with a 26G needle. The RNA of the homogenized lysate was further isolated by using the RNeasy Micro Plus RNA isolation kit (CAS number 74034, Qiagen, the Netherlands). Eluting with 14 μM of RNase-free H 2 O, final volumes of 12 μL RNA were obtained and tested on both Nanodrop (Nanodrop Technologies Inc., Wilmington, Delaware) and 2100 BioAnalyzer (Agilent Technologies, Palo Alto, California) to establish the RNA quality and quantity. The RNA samples with an absorbance value between 1.9 and 2.2 (ratio 260 mm/280 mm) and RNA integrity number (RIN) higher than 7, Table 1 Representative pictures of rat WEC exposed to the tested azoles at a range of concentrations for 48 h. The morphology of embryos exposed at the lowest concentration of each compound was identical with those in the control group (DMSO).
The pictures were taken at ×20 magnification. For specific observations, ×32 magnification was used.
were further used for performing the microarray analysis. RNA samples were stored at −80°C.
Microarray hybridization
RNA hybridization and microarray experimentation were performed by the Dutch Service and Support Provider (MAD) of the University of Amsterdam, the Netherlands. In brief, for every sample, RNA was amplified, biotin-labelled and hybridized to Affymetrix GeneChip HT RG-230 PM Array Plates according to the provided protocols by Affymetrix (Santa Clara, CA). After staining, the HT Array plate was read by the Affymetrix GeneChip® HT Scanner and analysed by the Affymetrix GeneChip® Operating Software. For performing the aforementioned steps, the GeneTitan® Hybridization, Wash, and Stain Kit for 3′ IVT Arrays (cat no. 901530) was used. In total, 112 arrays were analysed. For the exposure to compounds tested at singe concentrations, 8 embryos per compound were prepared, while for the exposure to FLU for which more than one concentration was tested, 7 embryos for each concentration were included.
Microarray analysis and data processing
The quality control (QC) and the normalization of the microarray data were performed using the ArrayAnalysis.org webpage (www. arrayanalysis.org) (Eijssen et al., 2013) , designed by the Department of Bioinformatics in Maastricht University. Raw microarray values were inspected for their quality by assessing the 3′/5′ ratios for β-actin and GAPDH, RNA degradation, background intensity, signal quality and the probe-set homogeneity with NUSE (Normalized Unscaled Standard Error) and RLE (Relative Log Expression). After the QC, two samples were excluded from the analysis because they did not fulfil the aforementioned quality criteria. The Affymetrix CEL files were further normalized by using the Robust Multichip Average (RMA) algorithm (Irizarry et al., 2003) and the Brainarray custom CDF version 19 probe set annotation (http://brainarray.mbni.med.umich.edu/ Brainarray/default.asp) (Dai et al., 2005) . In total, 13,877 probe sets, each corresponding to an Entrez Gene ID, were further evaluated by performing a statistical analysis in R (www.R-project.org) and Microsoft Excel.
Identification of differentially expressed genes
Normalized data was transformed to log scale. For each exposure group (i.e. a compound at a concentration and time point), gene expression data were compared to the appropriate control (unexposed embryos at the same time point), for calculating absolute average fold changes of individual gene expression. Differentially expressed genes were identified by using ANOVA, using a p-value b 0.001 and a False Discovery Rate (FDR) of 10%, as stringency criteria. Genes differentially expressed in at least one of the 8 or 7 rat WEC samples from the corresponding exposure groups were combined for further analysis.
Gene expression responses were visualized using a heatmap combined with hierarchical clustering (Euclidean distance, Ward linkage) as well as Principal Component Analysis (PCA). Each bar in the heatmap represents the average of the gene expression in the experimental group compared to the appropriate control group.
Functional interpretation analysis of differentially expressed genes
Functional annotation and overrepresentation analysis were performed using DAVID (https://david.ncifcrf.gov/) (Huang da et al., 2009) . Additionally, functional annotations were added from the literature (Robinson et al., 2012d; Tonk et al., 2015) . For genes involved in RA pathway, general development and sterol biosynthesis pathway, gene Table 2 Overview of morphological effects of the tested azoles in the rat WEC assay.
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In vivo data analysis
A literature survey was performed to determine the in vivo developmental toxic profile of the six tested azoles. We selected studies performed in rats orally exposed to the tested compounds during either GD6-15 or GD7-16 at multiple dose regimes. Studies with at least one control group and two dose groups were selected to allow analysis using the Benchmark Dose (BMD) approach. The BMD values were calculated on the basis of an increase in the incidence of skeletal malformations or cleft palate, selected as sensitive endpoints of in vivo developmental toxicity. A concentration-response curve was fitted to the data to determine the BMD for the selected benchmark response (BMR) for each tested azole. The BMD was defined as 10% additional incidence of skeletal malformations or cleft palate (BMD 10 ). The BMD 10 of each compound was calculated with the PROAST software (Slob, 2002) using dichotomous concentration-response models (quantal data). Several models were fitted, included gamma, logistic, loglogistic, probit, logprobit, multistage and Weibull. The selection of the best model was determined based on the goodness of fit (p-value N 0.05), given also the lowest BMD value.The developmental lowest effect levels (dLEL), obtained from the EPA ToxREF database (USEPA, 2016), were also considered for comparison.
Results
Morphological assessment and definition of ID 10 values
All azoles induced developmental toxicity in a dose dependent manner in the WEC assay (Tables 1 & 2) . Highest concentrations without statistically significant effects on TMS were 20 μM for FLU, KTZ and MCZ, and 60 μM for DFZ, PTZ and TDF, respectively. At embryotoxic concentrations, FLU, KTZ and MCZ mostly affected the closure of the neural tube, the formation of branchial arches and early organogenesis of the optic cup. PTZ and DFZ were less potent but showed comparable abnormalities such as somitogenesis and disturbance of closure of the neural tube, as well as retarded development of both otic and optic cups at high doses. On the other hand, TDF affected the development of the branchial arches and the neural tube, while not affecting any of the other morphological endpoints. After evaluating the TMS concentration-response curves in the rat WEC, the ranking of decreasing potency of the six tested azoles was KTZ, MCZ, FLU, DFZ, TDF and PTZ (Fig. 1) . The ID 10 concentrations of all tested compounds were calculated from Fig. 1 to apply them as exposure concentrations in subsequent WEC experiments for performing transcriptomic analysis.
Microarrays and identification of significant responses
Rat embryos were exposed to ID 10 concentrations of azoles detected in the WEC assay based on the TMS score to study effects on the level of their transcriptome. Embryos exposed to ID 10 concentrations for either 4 or 24 h had not yet developed any morphologically observable alterations. For example, somitogenesis, a general hallmark of the progress of embryo development, was unaffected (Fig. 2, A and B) .
Gene expression data were analysed by comparing each compound with the control group using ANOVA with significance threshold p ≤ 0.001 (t-test) and an FDR value of 10%. Fig. 3 shows an overview of gene expression changes of the 87 genes showing statistically significant responses. Using DAVID for functional annotation of significantly regulated genes, three main enriched gene groups were identified: RA pathway, general development and sterol biosynthesis pathway. The numbers of genes that were included in these pathways was 12, 29 and 17, respectively (Table 3 ). The genes in the RA pathway were a subset of the list referred to as the general development related genes. Fig. 4 illustrates the relationships between exposures, genes and pathways as observed in the present study (Fig. 3) using Cytoscape network visualization. Generally, this network analysis demonstrates that embryonic 4-hour exposure to FLU and TDF at or, for FLU, above the ID 10 provoked an up-or down-regulation of genes involved in general embryonic development and in the RA pathway. In contrast, embryonic exposure to KTZ or DFZ at their respective ID 10 , for 4 h was primarily linked to the dysregulation of genes related to the sterol biosynthesis pathway. Prolonged exposure of rat embryos at 25 μM of FLU caused a notable upregulation of genes related to the sterol biosynthesis pathway, while the response of the genes participating in the general embryonic development and the RA pathway was varied from up-to downregulation. PTZ and MCZ were the two compounds with the least effects on the embryonic pathways and the involved genes under investigation. Fig. 5 illustrates the absolute average fold change of the expression of genes participating in the three aforementioned biological pathways upon exposure to increasing concentrations of FLU. Clearly, the lowest FLU concentration tested already showed regulation of each of the three pathways considered. All pathways responded concentration dependently on exposure to FLU. The RA pathway showed the highest magnitude of regulation. The sterol biosynthesis pathway regulation was substantially affected at the highest concentration tested (200 μM), whereas the general development pathway already showed a response at lower concentrations. At the ID 10 of FLU (25 μM), the RA pathway and general embryonic development showed a more pronounced effect compared to the sterol biosynthesis pathway, at given fold change of 1.41, 1.27 and 1.07, respectively.
Network analysis: relating exposures to pathways and responsive genes
Concentration-dependence of gene expression changes
Within pathways, individual genes showed differences in responses. In the general development gene set, Tbx4 was upregulated in a concentration-dependent manner, while Hoxa1 was downregulated with the same trend (Fig. 3) . However, the expression of both genes was almost not altered when rat embryos were exposed at 25 μM (ID 10 ). As to the RA pathway and general development, in 4 h- Fig. 3 . Hierarchical clustering of gene expression in rat embryos exposed to six azoles. In total 87 genes were significantly regulated after at least one of the treatments. Each bar in the heatmap represents the average of the gene expression in the experimental group compared to the appropriate control group. The 87 genes were further categorized into three groups of biological processes RA pathway (RA), general embryonic development (DEV) and sterol biosynthesis pathway (STE), illustrated as black bars on the right part of this figure.
exposed embryos at 25 μM of FLU there was a pronounced up regulation of Cyp26a1, Dhrs3, Gbx2, Lhx1, Hoxa1 and Wnt5a. Their expression was quantified to be respectively 3.0, 2.0, 1.5, 1.5, 1.5 and 1.2 fold higher compared to the control. Tbx4 and Mafb were expressed in a more pronounced way at concentrations lower than the ID 10 . Sterol-related genes were expressed with slight fluctuations and revealed a remarkable 1.2 fold upward trend when embryos were exposed to 200 μM. Some of the genes in this pathway that did not follow this general trend were Abca1, which showed an upward trend at the lowest dose of 0.002 μM of FLU, while Pcsk9 and Msmo1 had an upward trend of expression at 25 and 200 μM. Some other representative genes which contributed to the enrichment of the sterol biosynthesis pathway, such as Cyp51, Sqle, and Hmgcr, did show a regular rise of their absolute fold change in response, up to 1.3 fold at the highest concentration of FLU tested.
Comparing gene set responses at the morphological ID 10 of six azoles
The potency of the six tested azoles as to the regulation the three functional gene groups was assessed at the ID 10 of each compound individually. FLU dose-response curves (Fig. 5) were used for comparison.
FLU exposure at its ID 10 showed a greater response on the RA pathway (1.41) compared to the five remaining ID 10 exposures. The other compounds, in the order of TDF N KTZ N DFZ N MCZ N PTZ, showed a decreasing magnitude of response on the RA pathway at their ID 10 (Fig. 6,  A) , quantified to 1.33, 1.24, 1.17, 1.13 and 1.08 fold, respectively. The commonly most responsive genes were Cyp26a1, Dhrs3 and Gbx2. On the other hand, Wnt5a was the least responsive and Mafb was the most downregulated with the exception of a slightly but not statistically significant upregulated response to MCZ (1.23 fold change) (Fig. 3) . Exposure to FLU (1.3) and TDF (1.25) at their ID 10 resulted in a similar Fig. 4 . Cytoscape network visualization of 87 significantly regulated genes due to rat WEC exposure to azoles. Grey cycled nodes represent the 87 genes, yellow and green squared nodes illustrate the compounds and the associated biological processes, respectively. Connections between exposure and regulated pathways demonstrate upregulation (red line), or downregulation (green line) and links of genes to pathways (blue line).
response magnitude on general embryonic development related genes (Fig. 6, B) . The remaining compounds followed in the order of KTZ N MCZ ≈ DFZ N PTZ (1.21, 1.13, 1.14 and 1.09, respectively). The difference in response magnitude of this gene group between compounds was small, indicating that it mimics the morphological ID 10 rather well. (Fig. 6, B) . Interestingly, Tbx4 was most down regulated due to WEC exposure to either MCZ or PTZ. The most upregulated genes were the aforementioned RA-related genes, as well as Lhx1, Hoxa1, Ngfr and Fgfbp3.
In contrast to the above pathways, WEC exposure to DFZ (1.423) and KTZ (1.420) appeared to have a greater effect than FLU on the sterol biosynthesis pathway. TDF had an intermediate potency, and the least potent compounds were MCZ (1.10), FLU (1.07) and PTZ (1.07). (Fig. 6, C; DFZ N KTZ N TDF N MCZ ≈ FLU ≈ PTZ). Both DFZ and KTZ upregulated Msmo1, Hsd17b7 and Sqle. Cyp51 was also upregulated by these two compounds, as well as by TDF. The commonly downregulated gene among the tested compounds was Abca1.
A comparison of gene expression responses within selected pathways between 4-and 24-h of exposure to FLU
Gene expression changes in response to FLU exposure in the RA and general embryonic development pathways varied in magnitude with exposure time. This was evident in the expression of Cyp26a1, Cyp26b1, Hoxc10, Mafb and Wnt5a, biomarkers of the RA pathway, (Fig. 7, A) . Similarly, genes in the general embryonic development pathway showed a varied response magnitude among genes, dependent on exposure duration. In the embryonic development pathway, Ngfr and Lhx1 were upregulated in embryos exposed for 4 h to almost twice the extent observed upon 24 h of exposure. In contrast, Pcsk9 and Tbx4 were 2-fold more responsive after the prolonged exposure than after the short exposure (Fig. 7, B) .
In contrast, in the sterol biosynthesis pathway (Fig. 7, C) , the magnitude of gene expression of all genes was considerably higher in embryos exposed to FLU for 24 h than in those exposed for 4 h. The sterol-related genes, Hmgcr and Mvd, only showed regulation in embryos after prolonged (24-hour) FLU-treatment.
Comparison of in vitro with in vivo data
Data on the developmental toxic profile of the six tested azoles were obtained from literature in vivo studies. A potency raking was performed after calculating the BMD 10 values, evaluating incidences of skeletal malformations and cleft palate. Table 4 contains an overview of the in vivo calculated BMD 10 values and dLEL values, as well as in vitro results from the present study, including the ID 10 values of morphological data (TMS) and response of genes participating in the RA pathway. It should be noted that for some compounds, e.g. miconazole, there is a limited availability of in vivo data. Additional data regarding the inhibition of Cyp26a1 are included, which were kindly provided by BASF SE laboratories of Experimental Toxicology and Ecology.
In vivo exposure to FLU, KTZ and TDF caused cleft palate, while FLU was also inducing renal malformations, such as absence of renal papilla, a type of malformation generally not typical for azoles. Furthermore, rat in vivo exposure to DFZ and PTZ was associated with skeletal alterations, which included formation of supernumerary rudimentary ribs, extra ossification and deformation of thoracic vertebrae. FLU and KTZ were the most potent embryotoxicants in vivo, following TDF and MCZ. DFZ and PTZ were the compounds with less severe effects. Data derived from the EPA ToxRef database were in agreement with the aforementioned observations. In vitro studies on the inhibition of Cyp26a1, after exposure to the four out of six tested compounds, show that MCZ and TDF were the most potent compounds, while PTZ and KTZ inhibited the regulation of Cyp26a1 at higher concentrations. 
Discussion
In agreement with previous studies (de Jong et al., 2011; Luijten et al., 2010; Robinson et al., 2012d; Menegola et al., 2005) , we observed a variety of concentration dependent embryotoxic responses in rat embryos, cultured and exposed in vitro to six azoles for 48 h during GD 10-12. During this particular time window, major aspects of organogenesis and neurulation take place (Robinson et al., 2012a; Luijten et al., 2010; Dimopoulou et al., 2016; Mitiku and Baker, 2007) . Commonly observed malformations in in vitro systems exposed to embryotoxic azoles were axial defects, craniofacial malformations and impaired branchial arches formation (Menegola et al., 2006a; Giavini and Menegola, 2010; Tiboni et al., 2008) . KTZ and MCZ have been described to specifically affect heart function via dysregulating the K + and Ca 2+ channels leading to heart-related syndromes (Sung et al., 2012) .
In vivo developmental toxicity studies have been performed assessing the embryotoxic profile of the six tested compounds. As to cleft palate and skeletal malformations observed at gestation day 21 (GD21), FLU, KTZ and TDF were the most potent embryotoxic compounds, while MCZ, DFZ were less potent. PTZ induced embryotoxicity only at very high concentration, which are likely to be unattainable in in vivo situation, and thus in line with the very low embryotoxicity potential of this compound (Table 4) . WEC morphology (Fig. 1 , Tables 1, 2 & 4) assessed at GD12 indicated FLU, KTZ and MCZ as the most potent compounds, while TDF, DFZ and PTZ were less potent.
Following whole genome analysis in WEC exposed to each of the six azoles at their ID 10 for effects on the TMS, we identified 87 genes significantly regulated by at least one of the tested compounds (ANOVA, p b 0.001). Three gene sets (DAVID) were overrepresented among the regulated genes, related to the RA pathway, general embryonic development and the sterol biosynthesis pathway, respectively (Robinson et al., 2012c; Robinson et al., 2012d) . Each of the gene sets showed some regulation for all compounds tested, likely reflecting non-toxic adaptive regulation at lower concentrations, given the absence of concomitant toxic effects (Fig. 5) . Such gene expression responses have been observed regularly in other systems as well (Hermsen et al., 2012; Schulpen et al., 2014 ). Above a certain exposure level the magnitude of regulation increased, in parallel with observed morphological effects, indicating that a threshold of adversity had been crossed (Piersma et al., 2011) .
We have additionally identified genes that were significantly regulated but they did not participate in the aforementioned pathways of interest. The genes with the highest fold change were Zfp703, Txnip, Stambpl1, Lrrc75a, Cyp2u1 and Fam101a, which were regulated by at least one of the tested compounds. Zfp703, Lrrc75a, Cyp2u1 and Fam101a do indirectly interact with RA in rat embryos. Their significant regulation identified in embryos exposed to FLU, KTZ and TDF. They have a crucial role in repressing transcription, oxidative stress or dysregulation of bone maturation related pathways. Additionally, Txnip is dysregulated after rat exposure to DFZ, which could be related to responses to oxidative stress and negative regulation of cell division (National Center for Biotechnology Information, 2013; Shimoyama et al., 2015) . These genes are of general interest for assessing the genomic regulation after embryonic exposure to xenobiotics.
The responsive general embryonic development gene set is involved in a variety of developmental processes and is highly dominated by RA related genes. The RA pathway has the crucial role of regulating the spatiotemporal balance of RA in the developing embryo, supporting normal growth and differentiation. Perturbations in the RA pathway may therefore be indicative of possible embryotoxicity, as they have been implicated in the toxicological mode of action of azoles (Luijten et al., 2010) .
The sterol biosynthesis pathway represents the pharmacological mode of action of azoles in mammalian species. Azoles have been designed to intervene with Cyp51, disturbing the conversion of lanosterol to ergosterol, which stabilizes the fungal cell wall. The interference with Cyp51 and other sterol-related genes after treatment with azole compounds, indicate their efficacy concerning the pharmacological, crop protection purposes of their application. Thus, while the RA pathway is relevant for embryotoxicity, the sterol pathway is relevant for the intended mode of action of azoles.
The 4-hour concentration-response of FLU revealed a similar curve for TMS as for the RA pathway, whereas the sterol biosynthesis pathway showed strong responses at higher exposures only, corroborating that modulation of the RA pathway, and not of the sterol biosynthesis pathway, is primarily involved in the embryotoxic response.
Furthermore, at sub-embryotoxic concentrations, FLU exposure caused an upregulation of Tbx4 followed by a downregulation with increasing concentration, whereas Hoxa1 showed the opposite expression pattern. Also MCZ at its ID 10 of 25 μM showed upregulation of Tbx4 and downregulation of both Hoxa1 and Hoxc4, similarly to the gene expression profile of embryos exposed to FLU at sub-embryotoxic concentration of 0.2 μM, indicating potency differences between both compounds. Tbx4 is regulated by Hox and Wnt gene families (Barham et al., 2009; Diez del Corral et al., 2003) , the expression of which is affected by local RA levels, which would explain the effect of FLU exposure on the regulation of Tbx4. The observed biphasic response is intriguing. One might speculate that Tbx4 upregulation is countered by increasing toxic responses represented by extensive regulation of the RA pathway at higher concentrations. Both Hoxa1 and Tbx4 have a crucial role in embryonic development, with specific sites of action at the anteriorposterior patterning and limb formation, respectively (Naiche et al., 2011; Mallo and Alonso, 2013) . Tbx4 is also as a transcription factor in the early lung mesoderm, promoting the co-ordination of Fgf (mainly Fgf8) and Gli proteins for the forthcoming lung development (Sakiyama et al., 2003) . In the case of MCZ, the increased regulation of Tbx4 at the ID 10 could be also associated with the already described morphological effects on heart formation (Naiche and Papaioannou, 2003) . Their non-monotonic regulation patterns with increasing exposure makes genes such as Tbx4 and Hoxa1 less useful as biomarkers of embryotoxic response.
As illustrated in Fig. 6 (A, B, C), rat WEC exposure to FLU, TDF and KTZ at their ID 10 revealed marked upregulation of genes related to general embryonic development and the RA pathway, showing most extensive upregulation of Cyp26a1 and Dhrs3 (Fig. 3) . The relative magnitude of the RA pathway regulation by the tested compounds is in line with their in vivo potency ranking (Table 4) . Single genes within the RA pathway such as Cyp26a1, did not show this ranking (Table 4 ), indicating that whole pathway regulation may be a better indicator for embryotoxic potency than single genes (Tonk et al., 2015) .
Sterol-related gene expression regulation was most extensive in embryos exposed to DFZ and KTZ (Fig. 6C) . We observed the significant induction of Cyp51, Msmo1, Hmgcr and Sqle, which are indicators of increased pharmacological activity. Cyp51 is the major biomarker of the pharmacological mode of action of our tested compounds. Among all, Msmo1 was the highest regulated single gene. Msmo1 role has been recently described as a determinant gene in fatty acid transcription, via interacting with the mammalian liver X receptors (LXRs). The LXRs are involved in the regulation of lipid and fatty acid metabolism and have an important role in central nervous system (CNS) development and, especially, in midbrain neurogenesis (Pinto et al., 2016) . Additionally, LXR proteins could bind to retinoid X receptors (RXR), form heterodimers and control the regulation of gene expression. Interestingly, Gad et al. (2012) have suggested that RA and lipid metabolism related-genes, such as Msmo1, Cyp51, and Hsd17b, might be indirectly associated, when they tested in bovine culture both under in vivo and in vitro experimental conditions.
The occurrence and type of malformations is dependent on the timing of exposure in pregnancy (Piersma et al., 2011) . The same holds for gene expression regulation by chemical exposures (Balmer et al., 2014; Luijten et al., 2010) . The embryo development gene set showed time-dependent higher as well as lower regulation of individual genes, whereas the sterol pathway consistently showed higher gene expression responses after longer exposure. In the sterol pathway, Msmo1, Cyp51, Hmgr, Sqle and Pcsk9 were the most quantitatively pronounced genes at 24 h-FLU exposed embryos, which are involved in the cascade of sterol related enzymatic reactions (Larsen et al., 2011) .
Furthermore, among the RA-related genes Cyp26a1, Dhrs3, Mafb and Gbx2 were more upregulated in 4 h than 24 h FLU exposed embryos (MacLean et al., 2001 ). Cyp26a1, Dhrs3 and Mafb play a role in determining RA levels in the embryo. On the other hand, Cyp26b1 and Hoxc10 were relatively highly upregulated at the later time point. These genes have a different expression pattern in the embryo as compared to e.g. Cyp26a1. Additionally, there was a higher regulation of Ngfr, Lhx1 and Fgfbp3 in 4-hour exposed embryos to FLU, compared to 24-hour of exposure. These genes are important contributors to general embryonic development. Ngfr has a crucial role in the development of neurons in the embryonic brain, while it has been suggested as a mediator for activating thyroid hormone (Porterfield, 2000) . Lhx1 has been suggested to co-operate with Pax6 in mouse embryos for forming the anterior thalamus (Hevner et al., 2002; Pratt et al., 2000) . Another study about the development of Xenopus and chick embryos has shown that Lhx1 is a transcription factor for nephric duct formation during development, which is triggered by RA and is collaborating with Hox genes, Pax2 and Pax8 transcriptional factors for further activation of Gata3 and the Wnt signalling pathway (Costantini and Kopan, 2010) . These observations illustrate the spatiotemporal differences in sensitivity of regulatory processes in embryogenesis, the perturbation of which underlies the specification of malformations. This aspect is likewise important when employing gene expression data for toxicity profiling.
Comparing the RA-with the sterol biosynthesis pathway, our data indicate that those compounds which more strongly affect the RA pathway, belong to the group of embryotoxic ones, whereas those who affect the sterol biosynthesis pathway, or those who have low activity on both pathways are less embryotoxic.
The data also show other differences in gene expression pattern that could be used to elucidate additional pathways involved in embryotoxicity. This analysis shows the usefulness of investigation of gene expression modulation to obtain mechanistic information pertinent to assess the toxicity versus functional efficacy of chemicals. The comparison of relatively simple markers such as Cyp26a1 for the RA pathway (undesired or off target effects) and Cyp51 for the sterol biosynthesis pathway (pharmacological or on-target effect) could potentially be used for the optimization in the development of new compounds.
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